Through advanced quantum mechanical simulations combining electron and phonon transport from first-principles self-heating effects are investigated in n-type transistors with a single-layer MoS 2 , WS 2 , and black phosphorus as channel materials. The selected 2-D crystals all exhibit different phonon-limited mobility values, as well as electron and phonon properties, which has a direct influence on the increase of their lattice temperature and on the power dissipated inside their channel as a function of the applied gate voltage and electrical current magnitude. This computational study reveals (i) that self-heating plays a much more important role in 2-D materials than in Si nanowires, (ii) that it could severely limit the performance of 2-D devices at high current densities, and (iii) that black phosphorus appears less sensitive to this phenomenon than transition metal dichalcogenides. a) mluisier@iis.ee.ethz.ch
I. INTRODUCTION
Only a fraction of the existing 2-D materials has been identified so far 1 5 . Furthermore, because the atomic composition and crystallographic phase of TMDs fully determine whether they behave as semiconductors, insulators, or metals 6 , active components relying solely on stacks of such materials can be easily imagined for the future.
The "current vs. voltage" characteristics and electron/hole mobilities of devices based on single-layer TMDs and other 2-D materials have been extensively investigated in the recent past, contrary to their thermal and electro-thermal properties (self-heating, the formation of local hot spots, breakdown failures), which have remained largely unexplored up to now.
It is however expected that the influence of thermally induced effects becomes significant in ultra-scaled structures due to the close proximity of electrons and phonons and their potentially increased coupling 7 . Few studies, mainly concerned with graphene [8] [9] [10] , but also molybdenum disulfide 11, 12 and black phosphorus 13 have discussed these issues. Still, it can be generally said that the thermal behavior of 2-D materials is not completely understood yet and that rapid progresses, both at the theoretical and experimental levels, are required to shed light on the underlying physics and to enable the emergence of 2-D devices with improved electro-thermal functionalities, e.g. nanoscale thermoelectric generators or Peltier coolers.
This paper intends to give a theoretical insight into the electro-thermal properties of transistors with a single-layer 2-D material as channel. For that purpose, advanced simulation techniques will be utilized. On the electrical side, the state-of-the-art consists in utilizing ballistic full-band solvers implementing the Non-equilibrium Green's Function formalism (NEGF) 14 . The necessary Hamiltonian matrix relies either on semi-empirical (tight-binding) 15, 16 models, it is derived from first-principles via maximally localized Wannier functions 17, 18 , or it is constructed at the ab-initio level 19 . With many TMDs, such approaches induce non-physical negative differential resistance (NDR) behaviors that have never been experimentally observed at room temperature 17 . The NDR originates from the TMD bandstructure, which exhibits several narrow energy bands that cannot carry any current if the electrostatic potential undergoes large variations between the source and drain contacts 20 . It is therefore an artifact of the ballistic approximation. The inclusion of electronphonon scattering helps get rid of NDR by connecting bands that would otherwise remain independent from each other 21 . Combining a full-band approach with electron-phonon scattering has been applied in several occasions to 2-D materials, but only to extract their electron mobility [22] [23] [24] [25] , not to obtain their current characteristics as a function of the externally applied voltages.
On the thermal modeling side, it is widely recognized that the tiny dimensions of 2-D materials require a quantum mechanical approach to treat heat transport, which should be done at the phonon level. Two different methods have been successfully applied by various research groups to obtain the thermal conductivity of single-layer 2-D materials: (i) molecular dynamics (MD) simulations 26, 27 and (ii) the coupling of density-functional theory (DFT) with the linearized Boltzmann Transport equation (LBTE), where the former provides the bandstructure and scattering parameters for the latter [28] [29] [30] . The advantage of MD over DFT+LBTE is that it allows for the consideration of non-homogeneous atomic structures with spatial or material variations. Nevertheless, neither one nor the other model lends itself naturally to a self-consistent coupling with electron transport. The NEGF formalism offers more flexibility for that because it can capture the energy exchanges between the electron and phonon populations via scattering self-energies, thus automatically accounting for local lattice temperature increases [31] [32] [33] [34] [35] .
Here, by combining the electro-thermal simulation framework of Ref. 36 , originally developed for nanowire transistors, and the ab-initio modeling platform of Ref. 21 , specifically dedicated to the investigation of 2-D materials, the first theoretical results of electro-thermal transport through logic devices with a 2-D monolayer semiconductor as channel will be demonstrated. To the best of our knowledge such an accurate technique had not been tested in the context of 2-D materials before, mainly because its application is normally limited to small systems composed of 100 atoms or less due to the high computational burden associated with the description from first-principles of electron and phonon bandstructures.
The paper is organized as follows: after a detailed presentation of the modeling approach in Section II, simulation results will be introduced in Section III for transistors with a singlelayer MoS 2 , WS 2 , and black phosphorus channel. The low-field phonon-limited mobility, I-V characteristics, lattice temperature, and dissipated power of these devices will be analyzed and compared to each other. Finally, conclusions will be drawn in Section IV.
II. SIMULATION APPROACH

A. Electron and Phonon Transport
Transistor structures similar to the one depicted in Fig. 1 have been simulated in this work. Transport occurs along the x-axis, y is a direction of confinement, and the out-ofplane dimension, z, is assumed periodic and gives rise to a k z (electron momentum along z)-or q z (phonon momentum along z)-dependence of all computed physical quantities. The electron and phonon properties are modeled at the ab-initio level with NEGF. Their coupling is realized via scattering self-energies that ensure current and energy conservation. In this context, the following system of equations must be solved for the electron population
(1)
In Eq. (1), E is a diagonal matrix that contains the electron energy E as entry. The G ij (E, k z )'s represent the electron Green's Functions at energy E and momentum k z between atoms i and j situated at position R i and R j , respectively. They are of size N orb,i × N orb,j , where N orb,i is the number of orbitals (basis components) describing atom i. The G ij (E, k z )'s can be either retarded (R), advanced (A), lesser (<), or greater (>). The same conventions apply to the self-energies Σ ij (E, k z ) whose additional index B (S) stands for boundary (scattering). Details about the Σ ij (E, k z )'s are provided below. To handle phonon transport through transistors with a 2-D channel, as in Fig. 1 , the following NEGF-based system of equations must be processed
where the D(ω, q z )'s are the phonon Green's functions at frequency ω and momentum q z , ω a diagonal matrix containing the phonon frequency as single entry, the Π B (ω, q z )'s the boundary self-energies, and the Π S (ω, q z )'s the scattering ones, while Φ(q z ) refers to the dynamical (Hessian) matrix of the studied domain. The same Green's Function types as for electrons also exist for phonons (retarded, advanced, lesser, and greater). All blocks involved in Eq. (2) With the knowledge of H(k z ) and Φ(q z ), electron and phonon quantum transport simulations can be performed, first in the ballistic limit of transport, i.e.
Eqs. (1) and (2) To accurately compute the current that flows through a 2-D transistor, it is not sufficient to keep one single momentum point, e.g. k z =q z =0. Here, it has been found that a total of 11 k z and q z momentum points is necessary to reliably model the periodicity of the out-of-plane direction z (no more than 1% current variations as compared to simulations with 21 momentum points). It should finally be underlined that electrons and phonons can only enter and leave the simulation domain at the source and drain contact extremities, no escape through the top or bottom oxide of the transistor in Fig. 1 is possible. This restriction certainly causes an overestimation of the lattice temperature 44 when the electron and phonon populations fully interact with each other, as described in the next Section.
B. Electron and Phonon Coupling
To complete the picture it remains to define the scattering self-energies that couple electron and phonon transport and drive both populations out-of-equilibrium. To reduce the computational intensity, only the diagonal blocks of the electron-phonon components
It can be analytically demonstrated, as in Ref. 34 , that these scattering self-energies ensure total energy conservation. Each individual block is defined as
is the derivative of the Hamiltonian matrix block H nm with respect to variations along the i=x, y, or z axis of the bond R m − R n connecting atoms n and m. Since the Hamiltonian matrix in the MLWF basis includes connections with the 30 (36) nearest-neighbors (NNs) of each atom in MoS 2 and WS 2 (black phosphorus), the sum over l in Eq. (3) has to cover the same range of interactions. Practically, summing over the 12 (MoS 2 and WS 2 ) or 13 (black phosphorus) NNs is sufficient. Still, although the scattering self-energy Σ ≷S (E, k z ) is block diagonal only, its entries couple one atom at R i with its 12-13 NNs at R l , thus indirectly accounting for non-diagonal effects. The fact that each momentum k z is connected to all possible k z −q z points also contributes to the presence of non-diagonal effects.
The phonon-electron scattering self-energy matrix Π S (ω, q z ) cannot be assumed diagonal as Σ ≷S (E, k z ) because this would violate the energy conservation rule between electrons and phonons. It has to take the following form
for the diagonal block entries and
for the non-diagonal ones. In Eqs. (4) and (5), "tr {}" refers to the trace operator and atoms l and i must be coupled with each other via a non-zero matrix element H li . The last missing components are the retarded electron and phonon scattering self-energies, which can be approximated as
It is obvious from Eqs. (3) (4) (5) that the scattering self-energies bridge the electron and phonon
. This is also the reason why Eqs. (1-7) must be self-consistently solved till convergence is reached in the so-called Born approximation. The resulting numerical problem is particularly challenging since all energies E, frequencies ω, and momentum k z /q z are connected altogether. Such systems of equations cannot be tackled on a single computational core and must therefore be treated in parallel. To manage the distribution of the numerical tasks and the gathering of the needed data to calculate the scattering self-energies, the multi-level parallelization scheme introduced in Ref. 45 has been adapted and enhanced to enable electro-thermal transport simulations of 2-D materials from first-principles.
C. Calculation of Observables
A second self-consistent loop must be established between the solution of the Schrödinger and Poisson equations to properly take the electrostatics of the examined devices into account. This requires evaluating the electron concentration n(R i ) (here only n-type transistors are investigated) for each atomic position R i according to
and plugging the outcome into Poisson's equation expressed on a finite element method (FEM) grid. After convergence the electrical current flowing between two adjacent unit cells labeled s and s + 1 of the 2-D device structure
the electron component of the energy current between s and s + 1
as well as its phonon part
can be computed from the electron and phonon Green's functions. In all these equations, is Planck's reduced constant, q the elementary charge, and it is implied that atom i (j)
belongs to the unit cell s (s + 1). It should be pointed out in Eqs. (9) to (11) that (energy) current conservation does not only require an integration over energy (or frequency), but also a summation over the momentum (k z or q z ).
Another quantity of interest is the effective lattice temperature of unit cell s, T ef f (s).
It can be obtained by assuming that the total phonon population within one unit cell s, N tot ph (s), which is first calculated with NEGF, locally obeys a Bose-Einstein distribution function N Bose (T ef f , ω) = 1/(exp( ω/k B T ef f ) − 1) with T ef f as the governing temperature and k B as Boltzmann's constant
= i qz i∈s
where the local density-of-states LDOS(R i , ω, q z ) is defined as
The effective lattice temperature of unit cell s is then retrieved by matching Eqs. (12) and (13) . The resulting non-linear system of equations can be solved, for example, with a Newton-Raphson iterative method. If necessary, an atomic resolution of T ef f is also possible.
III. DEVICE RESULTS
To illustrate the influence of electro-thermal effects on the performance of n-type transistors made of a 2-D material, the single-gate structure in consequence, the ballistic current is reduced. This "anomaly" is due to the specificity of the TMD bandstructures, where sub-bands with a very narrow energy width ∆E smaller than qV ds can be found, as indicated in Fig. 2(a) . These states are not conductive in the ballistic limit of transport, but become active as soon as electron-phonon scattering is switched on 21 . In this case an electron occupying a non-conductive band can be transferred to a conductive one by absorbing or emitting a phonon. This explains the rather counterintuitive reinforcement of the dissipative current with respect to the ballistic one in Fig. 4 .
When the influence of the phonon-electron scattering self-energy Π S (ω, q z ) is added to the picture, phonon emission and absorption processes induce local variations of the lattice temperature. This causes a current decrease by about 10%, as compared to the case with electron-phonon interactions only, which is marked by a double arrow in Fig. 4 With Eqs. (12) and (13), the non-equilibrium phonon population can be converted into a position-resolved effective lattice temperature T ef f that is resolved at the unit cell level.
The results are provided in Fig. 7 for the MoS 2 transistor. What is shown is the lattice temperature increase ∆T =T ef f -T 0 as a function of the location along the x-axis and as a function of the applied gate-to-source voltage V gs . Two points should be emphasized: first,
T ef f peaks at the same x-coordinate as where the phonon current vanishes in Fig. 6(b) and where the phonon generation rate reaches its maximum. The formed hot spot is in fact situated close to the channel-drain interface, in the region with the sharpest drop of the electrostatic potential energy and therefore the highest phonon emission probability.
Secondly, the ∆T values are extremely high >400 K at V gs =0.7 V. Before approaching such temperatures, the MoS 2 single-layer crystal would already have oxidized (oxidation temperature: 675 K) 46 and the whole device would have broken down. As a comparison, in
Ref. 12 , the ∆T of a micrometer-scale monolayer MoS 2 transistor has been estimated through Raman thermometry measurements to be around 250 K for a much larger V ds =30 V vs. 0.67 V here, but a smaller current I d ≈200 µA/µm vs. ∼1000 µA/µm here and a higher contact resistance R c =5kΩ × µm vs. perfectly ohmic contacts here. This confirms that self-heating effects are very important in monolayer MoS 2 , but that the simulated temperature increases are overestimated, mainly because no phonon escape through the surrounding oxide layers is allowed. Such mechanisms would definitively lead to a decrease of the effective lattice temperature, but their exact contribution is difficult to quantify.
Keeping in mind that ∆T is overestimated, it is still relevant to compare the electrothermal properties of MoS 2 with those of other 2-D materials, namely WS 2 and AC black phosphorus, and with those of more conventional ultra-scaled Si nanowire transistors since the same set of approximations is applied everywhere, i.e. phonons escape at the source and drain only, not through oxide layers. The goal of this study is to determine what material/design is the least sensitive to self-heating and why. In Fig. 8 (a) the electrical power dissipated inside the channel of all switches, P diss , is plotted as a function of the drive current I d . For the Si nanowire transistor, a <100>-oriented structure with a diameter d=3nm, a gate length L g =15 nm, and a gate-all-around configuration has been selected and the data from Ref. 36 have been recalled. Here, P diss is defined as the difference in the electron energy current (see Eq. (10)) between the source and the drain. Normally, it is expected that the total dissipated power is equal to V ds × I d and that it has the same value for all structures at a given I d . However, due to the short length of the considered devices, only a fraction of the total power dissipation takes place in the channel region, the rest in the contacts. This explains why P diss < V ds × I d in our simulations and why the curves are different in Fig. 8(a) .
The amount of dissipated power in a given component can be put in relation with the phonon-limited mobility µ ph of its underlying channel material 47 : the higher µ ph the less phonons are emitted and the less electrical power is converted into heat. To verify whether this statement is valid or not here, the phonon-limited electron mobility of single-layer MoS 2 , WS 2 , and AC black phosphorus, as computed with the "dR/dL" method 48 , is presented in Fig. 9 as a function of the carrier concentration. Due to the heavier atomic mass of tungsten as compared to molybdenum, the amplitude of the crystal vibrations and in turn the electron-phonon coupling strength is weaker in WS 2 than in MoS 2 , which gives a higher mobility and a lower dissipated power at a fixed current magnitude, as postulated above.
This demonstration fails however when AC black phosphorus comes into play: its mobility is smaller than that of MoS 2 and WS 2 due to more significant crystal vibrations, but it still dissipates less power. The reason behind this apparent inconsistency can be traced back to the distinctive bandstructure of TMDs, where sub-bands with a narrow energy width cannot carry current at high V ds , as shown in Fig. 5 . As a result, electron-phonon interactions are needed to make those sub-bands conductive and to reach high current densities. The number of phonon emission processes occurring in TMDs under the application of a high V ds is therefore much more important than predicted by the mobility, which is computed under flat-band conditions. While electron-phonon interactions contribute to a current increase in TMDs, they simultaneously consume electrical power and lead to the higher heat dissipation of MoS 2 and WS 2 seen in Fig. 8(a) . Although the Si nanowire transistor has about the same phonon-limited electron mobility as AC black phosphorus (300 cm 2 /Vs at an electron concentration n D ≈1e13 cm −2 ), it dissipates more power. Since the crystal and device structures are quite different, it is not possible to explain this behavior with the same line of arguments as before. sub-plot is no more the number of phonons that is generated (heat dissipation), but once they have been created how efficiently they can leave the active region of the logic switch.
If the emitted phonons have a high group velocity, they more rapidly diffuse away from the region where they originate such that the effective lattice temperature at this location cannot rise as much as it would have if the phonon population would keep accumulating. Hence, the thermal transport properties determine to a large extend the magnitude of the self-heating effects. For example, in WS 2 , less power is dissipated at a given I d than in MoS 2 , but the lattice temperature increase ∆T is the same in both 2-D materials: less crystal vibrations are generated in WS 2 due to the weaker electron-phonon coupling and lower electron effective mass, but they propagate slower due to the higher atomic mass of tungsten. The poorer thermal transport properties of single-layer WS 2 are indirectly illustrated in Table I, which gives the sound velocity of all studied 2-D crystals, as derived from ab-initio calculations. It can also be seen in Fig. 8(b) that the temperature increase is lower in AC black phosphorus and in the Si nanowire than in both TMDs.
Finally, the maximum lattice temperature increase can be represented as a function of the power dissipated inside the transistor channel. The results are shown in Fig. 8(c) . While the curves for the 2-D materials are not identical, they all exhibit a much higher lattice temperature increase than the Si nanowire at a given P diss . The strong confinement of phonons in 2-D crystals leads to rather poor thermal transport properties and prevents the rapid evacuation of heat from the active region of 2-D logic switches. As mentioned earlier, allowing phonons to escape through the surrounding oxide layers would certainly reduce the ∆T , but the same would happen in the Si nanowire where phonons are also confined in the semiconductor 44 . A recent experimental study on single-layer MoS 2 12 has clearly established that self-heating is much more significant in this 2-D material than in Si, which qualitatively agrees with the finding of this paper.
IV. CONCLUSION
An ab-initio electro-thermal transport modeling approach has been introduced in this The "dR/dL" mobility extraction method has been used for that purpose 48 . 
